Like many other autoimmune diseases, multiple sclerosis (MS) affects females in a greater proportion compared with males (1) . In addition to a three-fold higher incidence in females, onset and severity of disease may differ as well (2) . Exploring disease heterogeneity between patients, while vexing, may offer insights into fundamental pathways involved in the disease state common to all patients.
Much of the basis for sexual dimorphism in MS has been attributed to hormonal disparities, a hypothesis that has led to clinical trials involving estrogen or testosterone treatment (3) . Yet a more fundamental basis for the discrepancy in MS prevalence among females may lie with the X chromosome itself. Inactivation, an epigenetic regulatory process, limits X chromosome gene expression in females, leaving only one X-linked gene copy active in any given cell. However, some genes escape suppression and are expressed in greater abundance. A major challenge is understanding the impact of gene inactivation escape and how dosage effects of certain genes participate in the genesis of autoimmune diseases.
Contribution of Kdm6a
Kdm6a is a histone demethylase known to escape X inactivation. In this issue, Itoh and colleagues report on their use of the experimental autoimmune encephalomyelitis (EAE) mouse model of MS to explore the contribution of Kdm6a (4). They observed that Kdm6a expression was markedly elevated in CD4 + T cells from females compared with males in both naive mice and healthy human subjects. Itoh et al. then employed a conditional knockout system to determine the effects of Kdm6a loss specifically in CD4 + T cells. Conditional knockout mice had a greater abundance of splenic naive CD4 + T cells, with a concomitant decrease in CD44 hi CD62L lo CD4 + T cells compared with controls. This is a provocative obser-vation, given that circulating memory T cells have been repeatedly observed in a higher proportion in MS patients than in healthy individuals (5) . Hence, the development of MS, which is usually diagnosed in adulthood, may stem from an overabundance of Kdm6a that over years favors a gradual accumulation of activated and memory T cells.
Itoh and colleagues then determined whether a loss of Kdm6a in CD4 + T cells affected neuroinflammation in EAE. Using the traditional EAE model, which involves active immunization of C57BL/6 mice with MOG 35-55 , the authors found that loss of Kdm6a in CD4 + T cells was associated with markedly lower disease scores. Further, CD4 + T cells from conditional knockout mice stimulated with MOG 35-55 ex vivo secreted less IL-2 compared with T cells from WT controls, while production of IL-5 was elevated. These results support the notion that CD4 + T cells depend on Kdm6a to exhibit encephalitogenicity. Canonical pathway analysis of gene expression in Kdm6a knockout CD4 + T cells revealed upregulation of the Th2 pathway, among others. Downregulated pathways included neuroinflammation signaling, TLR signaling, and IL-17 signaling.
These findings fit nicely with the concept that genes escaping X inactivation promote autoimmunity (6) . Interestingly, a previous study on Kdm6a in thymic development (7) showed that Kdm6a promotes expression of S1PR1, which is a target of the FDA-approved disease-modifying therapies for MS fingolimod and siponimod. Minor sex-dependent differences in side effects and disability profiles have been reported in patients treated with fingolimod (8, 9) ; however, sex-specific differences in efficacy in response to S1PR1related modulators that are dependent on T cell function have not been reported to date. Still, the effects of Kdm6a in T cells could be the result of a combination of effects across the genome that influence several genes, such as S1PR1, resulting in an eventual breach of the threshold to autoimmunity (Figure 1) . revolving around Kdm6a targeting should consider biological context. Broadly speaking, the work by Itoh et al. informs the field on the pathogenesis of MS in several ways. First, the basis for sexual dimorphism in MS unmistakably extends beyond hormones alone. Implication with X inactivation escape adds to the tremendous complexity of MS pathogenesis, perhaps tempering expectations regarding hormone-based trials in MS. Second, it emphasizes the paradigm of T cell-mediated inflammatory responses that are integral to MS susceptibility. While the EAE data is derived from the a priori dependence of CD4 + T cells, the human data presented certainly support the notion that CD4 + T cells are a primary contributor to the pathogenesis of MS. Finally, mechanisms involved in T cell autoreactivity in males can be uncovered by exploring unique features of autoimmunity in females. It is important to recognize that Itoh et al. observed that loss of Kdm6a in male CD4 + T cells also was associated cell development and/or effector functions relevant to autoimmunity and whether or not Kdm6a expression in CD8 + T cells contributes during EAE (11) . Reconciling the proinflammatory nature of Kdm6a in CD4 + T cells with any potential gene modulation favoring antiinflammatory features of CD8 + T cells will therefore be highly interesting and justifies further study.
Perhaps of equal interest is how Kdm6a uniquely fosters differences between female and male CD4 + T cells, while other genes known to escape X inactivation are not immediately implicated. Though Itoh et al. did not directly investigate other genes in their study, they note that escape from X inactivation depends on factors such as tissue type, cell type, and hormonal status. Hence, the complexity of MS pathogenesis would naturally be compounded by gene regulation in different tissues at different times. Overall, the experiments reported by Itoh et al. uncover potential mechanisms involving X inactivation in T cells during MS, and devising any therapeutic approach
Conclusions and future directions
The identification of Kdm6a in CD4 + T cell autoimmunity may provide insight into more generalized mechanisms of MS susceptibility in both sexes as well as auto immunity in general. Aside from Kdm6a knockout analysis in CD4 + cells, downstream effects via multiple genes were not fully explored by Itoh et al. One approach would be to systematically characterize Kdm6a demethylation targets that are also implicated in MS susceptibility, such as gene candidates associated with vitamin D levels (10) .
One intriguing finding of this study involves the potential effect of Kdm6a X inactivation in CD8 + T cells. Because T cell progenitors in the thymus express Cd4 during development, the use of Cd4-Cre by Itoh and colleagues also results in loss of Kdm6a in CD8 + T cells. Since there is accumulating evidence for a suppressive function for CD8 + T cells in some models of EAE and in MS, it would be important to determine the influence of Kdm6a in CD8 + T
Figure 1. X-linked histone demethylase Kdm6a influences development of autoimmunity.
Kdm6a is present on the X chromosome and is expressed at higher levels in CD4 + T cells from females than those from males. Kdm6a alters expression of immune response genes, resulting in expression patterns that are linked to neuroinflammation and demyelination. In both male and female mice, deletion of Kdm6a in CD4 + T cells ameliorated neuropathology during EAE.
with amelioration of EAE. Consequently, Kdm6a demethylase activity shows effects that extend beyond the X inactivation that occurs in females. Specifically, Kdm6a contributes to CD4 + T cell encephalitogenic behavior in males. Hence, identification of Kdm6a activity may allow for assessment of gene targets, independent of sex. Together, these findings leverage the heterogeneity of MS nicely and set the stage for further examination of the T cell foundation for sex differences in MS susceptibility and autoimmunity in general.
